The present study examined the role of neurons in different pain-related functions of the anterior cingulate cortex (ACC) and primary sensorimotor cortex (SmI) by assessing their abilities to code different levels of noxious heat and activity changes evoked by classical fear conditioning involving electric shocks. Multiple single-unit activity was recorded with 5 microwires implanted in the SmI and ACC of each rat. In the first set of experiments, the middle segment of the tail in each rat was irradiated with laser heat pulses of various intensities. Neuronal responses in both the SmI and ACC increased with the intensity of the laser heat. There was a significantly higher percentage of intensity-related units in the SmI.
Introduction
Pain is a complex experience that alerts an organism about imminent danger; it induces negative emotions including unpleasantness, anxiety, and fear, and thus motivates the subject to avoid further damage. A prevailing hypothesis suggests that pain has 3 components: sensory-discrimination, affective-motivation, and cognitive-evaluation (Melzack and Casey 5 1968; Price and Dubner 1977) . Accordingly, a substantial amount of effort has been expended to locate the neural substrate subserving each of these components. Neural imaging studies on human subjects have been informative in identifying brain areas involved in processing the various aspects of pain. The most consistently engaged areas found in such studies include the primary somatosensory (SmI) and anterior cingulate cortices (ACC) (Apkarian et al. 2005; 10 Bingel et al. 2004; Bingel et al. 2003; Buffington et al. 2005; Chen et al. 2002; Koyama et al. 2005; Youell et al. 2004 ). The activation levels of these 2 areas are differentially correlated with either the pain sensation itself or the ensuing unpleasantness (Apkarian et al. 1992; Casey et al. 1994; Hofbauer et al. 2001; Hsieh et al. 1995; Rainville et al. 1997; Vogt et al. 1996) . 15
In conscious, freely-moving rats, field potentials evoked by laser heat stimulation applied to the mid-tail can be recorded from the surface over the SmI (Shaw et al. 1999 (Shaw et al. , 2001 . Our previous studies also revealed that single SmI units recorded in behaving rats respond to noxious stimulation (Kuo and Yen 2005; Tsai et al. 2004) . In anesthetized animals, SmI neurons respond to many types of sensory stimulation including pain with restricted and well-20 defined receptive fields (Lamour et al. 1983a; Lamour et al. 1982 Lamour et al. , 1983b . These data may implicate the SmI in the processing of noxious sensory information with its clear somatotopic organization.
In contrast, nociceptive neurons in the ACC have large receptive fields, sometimes covering the entire body surface (Yamamura et al. 1996) . In conscious rats, ACC neurons are4 activated along with those in the SmI by noxious stimulation via a parallel pathway through the medial thalamus (Kuo and Yen 2005; Wang et al. 2003) . Previous evidence showed the involvement of the ACC in classical fear conditioning (Kung et al. 2003; Tang et al. 2005) and the conditioned place avoidance (CPA) paradigm (Johansen and Fields 2004; Johansen et al. 2001) and implicated this area in emotional functions, particularly of anxiety and fear 5 (Hamner et al. 1999; Phan et al. 2002) .
While the findings reviewed above appear to be consistent with the conjecture that the SmI and ACC are differentially involved in sensory and affective functions of pain as human data suggest, no existing study to date has dissociated the neuronal correlates of these pain functions by using single-unit recordings in animals. To address this issue, the present study 10 was specifically designed to compare single-unit changes in the SmI and ACC in relation to the sensory and affective aspects of nocifensive behavior. In conscious rats subjected to tailflick and conditioned fear potentiation of startle tasks, we found that SmI neuronal activity was better correlated with the intensity of a laser stimulus evoking tail-flick responses, whereas ACC neuronal activity was better correlated with conditioned fear induced by a 15 stimulus previously associated with a painful foot-shock.
Methods

Animals
Experiments were performed on 9 female Long-Evans rats weighing 240~330 g. All rats 20 were subjected to the fear-potentiated startle experiment, and 6 of them were tested in the laser stimulation experiment. The Animal Use and Care Committee of National Taiwan University approved all surgical and recording procedures in accordance with the Guide for the Care and Use of Laboratory Animals of the Agriculture Council of Taiwan, ROC.
Surgery
The surgical and implantation procedures were described in detail elsewhere (Kuo and Yen 2005; Tsai et al. 2004 ). Briefly, a rat was injected with sodium pentobarbital (50 mg/kg, i.p.) and then mounted on a stereotaxic apparatus under anesthesia. Small skull holes were made by craniotomies to expose the tissue over the cortical targets for microelectrode 5 placement. Linear arrays of 8-channel microelectrodes made of stainless steel microwires were individually insulated with Teflon (50 μm o.d.). The 8 microwires were evenly spaced in an array within a total span of 2 mm (Tsai and Yen 2003) . One electrode was implanted parasagittally into the tail region of the primary sensorimotor cortex (SmI, 1~3 mm posterior and 2~3 mm lateral to the bregma, 0.5~1.5 mm ventral to the surface of the cortex) (Chapin 10 and Lin 1984) . The brisk multiunit responses to light touch were used to verify the receptive fields of SmI units in the individual channels. The other array of electrodes was implanted parasagittally into the ACC (1~3 mm anterior and 0.3~0.6 mm lateral to the bregma; 1~2 mm ventral to the surface of the cortex). The holes in the skull and the implanted electrodes were sealed and secured by dental cement. The rat was allowed to recover from surgery for at least 15 1 week before commencement of the recording and behavioral tests.
Laser stimulation
Rats were acclimatized in an acrylic chamber (45 × 60 × 45 cm) 3 h/day for 5 days. A rat was allowed to move freely in the chamber where stimulation was administered. Nine sessions were included in this experiment. Each session included 20 trials of infrared laser 20 6 between sessions. The percentage of tail-flick responses in the sessions was used as an index of the nocifensive behavior. ACC and SmI neuronal activities were recorded throughout the stimulation sessions.
Training and testing of conditioned fear --potentiation of the startle reaction
Apparatus. A rat was trained in a 17.5 × 9 × 26.5-cm acrylic chamber, the floor of which 5 consisted of 4 stainless steel bars (5 mm in diameter, 1.5 mm apart) through which foot shocks could be delivered. The chamber was located within a sound-attenuating cubicle. A fan on the cubicle wall provided ventilation and background noise. The startle response was elicited by acoustic stimuli and was assessed by a startle apparatus (PHM-255B, Med
Associates, St. Albans, VT). A noise generator controlled by a computer (Startle Reflex  10 Software, SOF-825, Med Associates) delivered the acoustic stimuli (15-ms, 115-dB white noise bursts) through a speaker located 10 cm lateral to the chamber. A 3-s cue light was used as the conditioned stimulus (CS). It was generated by a white light LED bulb controlled by a Grass stimulator (12 V, model S48, Grass Technologies, West Warwick, RI). The bulb was 7 cm lateral to the animal, and the illumination was ~260 lux. The unconditioned stimulus (US) 15 was a 3-mA/8-ms foot shock produced by a Grass stimulator with an isolation unit (model S48, Grass Instrument, West Warwick, RI).
Pre-conditioning test session. After recovery from surgery, rats were acclimatized to the training and testing boxes in the sound-attenuated cubicle 3 h/day for 5 days. Animals were temporarily anesthetized with halothane (4%) to connect the head-stages to the connectors 20 implanted in the skull. At least 1 h elapsed before the start of a recording period. At the beginning of a pre-conditioning test session, there was an acclimation period of 5 min with no acoustic startle stimuli. After the acclimation period, 10 startle-eliciting stimuli (leaders) were given at 30-s inter-stimulus intervals (ISIs). These leaders habituated the rat to the acoustic stimuli, and their responses to these were not included in the statistical analysis. Following7 the leaders, another 30 startle trials were carried out. Visual cues of 3-s duration were applied before the acoustic startle stimuli in 15 of the trials (light-noise trials), while only acoustic startle stimuli were applied in the remaining trials (noise-alone trials). The light-noise trials and noise-alone trials were arranged in a random order with ISIs of 30 s.
Training. After the pre-test session, rats were presented with the visual cue as the CS paired 5 with a foot shock for fear conditioning. Rats were given 20 light-shock pairings that consisted of a 3-s flash of light and an 8-ms, 3-mA foot shock that terminated simultaneously with the light. The mean inter-trial interval was 90 s on average (range, 60~120 s). Three sessions of training were administered 12 h apart.
Post-conditioning test session. In the post-conditioning test session given 12 h after the last 10 training trial, the procedure was identical to that in the pre-conditioning test session with the acclimation leaders, and 30 sequentially presented testing trials (15 light-noise and 15 noisealone trials, randomly mixed). The difference in the startle strength between the light-noise trials and noise-alone trials was used as a behavioral index of conditioned fear. Both the startle behavior and neuronal activities during the pre-and post-test sessions were recorded 15 for analysis.
Signal recording and data analysis
The unit activities were acquired by a Multi-channel Neuronal Acquisition Processor system (MNAP, Plexon, Dallas, TX). The electrical signals passed from the headsets to the amplifiers and were band-pass filtered (spike preamp filter: 500~3000 Hz; field potential 20 filter: 3~90 Hz; gain: 10,000~20,000). The acquisition of spike waveforms and real-time spike sorting was controlled by SortClient (Plexon), and the sampling rate of individual channels was 40 kHz. The waveform and timestamps of the unit during the tasks were saved for further analysis. The saved wavelet data were analyzed with a principal component analysis (PCA) and re-sorted by the software Offline Sorter (Plexon). Figure 1 shows an8 example of a unit recorded by the same micro-wire in the same animal for several days. Units recorded on different days were judged to be identical based on similarities of the waveform and spike height ( Figure 1 ). Spike train activity was analyzed using Neuroexplorer (Nex Technologies, Littleton, MA). Peri-event histograms were generated with a bin size of 50 ms in the fear-potentiated startle experiments and 10 ms in the laser-stimulation experiments. 5
In the laser-stimulation experiment, the baseline activity was the neuronal activity in the 1-s period before laser stimulation. The spike numbers of units in the 1-s period before and after laser application were calculated in each trial of the 9 intensity tests. Differences in the number of spikes from the baseline in the 20 trials of all intensity tests were compared by one-way ANOVA. Units with a significant stimulation-intensity effect were defined as 10 intensity-related units. Ensemble neuronal activities were obtained by linearly summing the multiple single-unit data from 1 animal. Ensemble activities of the intensity-related SmI neurons from channels with receptive fields in the tail and hindlimb and the intensity-related ACC neurons were calculated separately. The baseline activity of ensemble neurons in the SmI and ACC were calculated. The fast and slow components of the neuronal activities were 15 defined by the average firing rate of ensemble neuronal activity during the 10~140-and 150~600-ms periods, respectively, after laser stimulation (Kuo and Yen 2005) . A linear regression was used for both the short-and long-latency response components in the SmI and ACC against the intensity of laser stimulation to obtain the slope of the regression line. In the conditioned-fear potentiation of the startle experiment, the average startle strength in noise-alone trials was designated 100%. The peri-event (acoustic stimuli) histograms of the SmI and ACC units were separately analyzed. The 3-s period before the acoustic stimulus was designated the pre-startle phase (white bars and black bars in figure 1), and the 3-s period9 before the pre-startle phase was designated the pre-trial control phase (slashed bars in figure   1 ). The difference between the number of spikes during the pre-startle phase and that during the pre-trial control phase was calculated for individual trials. These values of activity change calculated from 15 light-noise and 15 noise-alone trials in the pre-and the post-conditioning tests were subjected to two-way (trial type × conditioning session) ANOVAs. Units showing 5 significant effects in the factor of trial type, conditioning session, or the interaction between the 2 were defined, respectively, as light-related, conditioning-related, and light and conditioning-related units. The average firing rates in the pre-trial control phase were designated 100%.
Statistic analysis 10
The neuronal responses of the SmI and ACC in the laser-stimulation task and the startle behavior and neuronal activities of both areas during the fear-potentiated startle task were compared by two-way ANOVAs with a repeated-measure design. Post-hoc comparisons were made with the Bonferroni method. The slopes of the regression lines for the unit activityintensity responses in both brain areas were compared by paired t-test. Data are expressed as 15 the mean ± standard error (SE) if not otherwise denoted.
Identification of recording sites
At the end of the experiments, electrical lesions (50 μA, 30 s) or deposits of ferric ions (5 μA, 30 s) were made through selected electrodes of the microelectrode array. An animal was perfused intracardially with saline followed by 10% formalin (with 1% potassium 20 ferrocyanide for the iron deposit). The brain was removed and post-fixed in the perfusion fluid. The frozen brain was serially sectioned at 100 μm with a sliding microtome. Sections were stained with cresyl violet. The positions of the electrode tips were confirmed by microscopic observations. Figure 2 shows the distribution of all electrode tips in the SmI and
ACC. 25
Results
Behavioral and neural responses to laser-heat stimulation
The threshold intensity that elicited a tail-flick response was about 30 mJ, and the relative frequency of the flick response reached its maximum at 90 mJ. In total, 118 ACC and Table 1 ).
ACC and SmI units were both activated by high-intensity stimulation. A noticeable response in the SmI was elicited by 30-mJ laser stimulation, but a higher intensity was 15 needed to evoke an observable response in the ACC (Figures 3, 4) . The neuronal responses of both components were compared quantitatively. Figure 4A and 4B show a rise in SmI and ACC ensemble neuronal responses in the short-and long-latency components with increased stimulation intensities. The frequency ratio of the tail-flick responses of the rats increased with the stimulus intensity ( Figure 4C ). At all supra-threshold intensities, short-and long-20 latency components of SmI units showed stronger responses than ACC units. In the short- A representative example of an excitatory ACC unit is shown in Figure 6A . In the pre-15 conditioning sessions, the firing rates of these units were not affected regardless of whether a visual cue was presented or not. After the CS-US pairing, no obvious change in the firing rate was detected in the noise-alone trials. However, these units displayed lasting enhancement of the firing rate in the light-noise trials during the visual cue period. Figure 6B comparisons, changes in ACC units in the light-noise trials were significantly higher than those in the noise-alone trials in the pre-(11.2% ± 1.5% vs. 41.2% ± 8.6%, p < 0.01) and 20 post-conditioning sessions (13.1% ± 2.0% vs. 38.9% ± 3.7%, p < 0.01) ( Figure 8A ).
The 2-way ANOVA showed no significant effect in light-and-conditioning-related SmI units (10.0% ± 2.8% vs. 23.1% ± 14.1% in the preconditioning session; 11.0% ± 1.0% vs.
39.2% ± 12.8% in the preconditioning session). In conditioning-related SmI units, 2-way 14 hoc comparisons showed no significant difference between changes in SmI unit activities in the light-noise and noise-alone trials before conditioning (20.1% ± 6.0% vs. 29.0% ± 5.1%, p > 0.05) or after conditioning (15.6% ± 3.5% vs. 30.0% ± 8.0%, p > 0.05). Two-way ANOVA showed no significant effect for light-related SmI units (14.2% ± 4.2% vs. 29.0% ± 5.1% in the preconditioning session; 22.4% ± 9.3% vs. 28.4% ± 3.4% in the preconditioning session) 5 ( Figure 8B ). Taken together, these results suggest that changes in ACC unit activities were forged during the conditioning process, and the activity change in ACC units in this task was higher than that of SmI units. However, the responses in these 2 regions did not appear to be the same. Our previous study showed that SmI responses were faster and more prominent, and showed up at a lower intensity in conscious behaving rats (Kuo and Yen 2005) . Furthermore, the present findings revealed that a higher percentage of SmI neurons was intensity related, and the ensemble 5 activity of these intensity-related SmI neurons had steeper response slopes along with an elevation of stimulation intensity than those in the ACC of the same rat.
Thus, the present data, together with existing information, suggest that the SmI has better sensory-discriminating capabilities for different stimulation intensities, especially toward shorter-latency responses. Brain imaging studies in human subjects have also 10 implicated the SmI as the major site for stimulus-intensity coding (Hofbauer et al. 2001; Porro et al. 1998; Rainville et al. 1997; San Pedro et al. 1998) . Our data showed that ACC neurons were also activated by laser stimulation, although to a lesser extent and were less sensitive to intensity variations than were SmI neurons. Neurons in the ACC with nociceptive-specific responses have been found in rodents, rabbits, monkeys, and humans 15 (Hutchison et al. 1999; Koyama et al. 1998; Sikes and Vogt 1992) . These findings are consistent with ones showing that ACC lesions also change their sensitivity to electric shocks in a startle task (Chen et al. 2000) , block mechanical hypersensitivity in animals with L5 spinal nerve ligation, and significantly decrease escape/avoidance behavior (LaGraize et al. 2004 ). Lesions of the ACC or a disturbance to the cingulum bundle reduced inflammatory 20 pain behavior in rats (Donahue et al. 2001; Fuchs et al. 1996; Vaccarino and Melzack 1989) .
This study also compared SmI and ACC neuronal responses in an emotion-evoking context previously associated with noxious experiences in a fear-potentiated startle task, a well-established behavioral model for investigating fear and anxiety (Davis 1986 (Davis , 2006 Hamm and Weike 2005; Miserendino et al. 1990; Sananes and Davis 1992; Shi and Davis 25 1999; Tischler and Davis 1983) . The enhancement of startle strengths in the postconditioning session in this study ( Figure 5 ) confirmed the success of fear induction by the CS-US pairing procedure in this study. Our results also showed that forebrain neuronal responses modeled behavioral changes during learning. After conditioning, the activities of many ACC and SmI neurons changed in the presence of the CS. In our study, both ACC and 5
SmI neurons showed significant unit-activity changes when the CS was presented in the postconditioning test, in contrast to what appeared in the pre-conditioning test. These results suggest that changes in unit activities were forged by the CS-US pairing procedure rather than the arousing effect of visual cues.
Our results showed that the unit activities of a higher percentage of ACC neurons than 10 SmI ones changed during the fear-potentiated startle task, suggesting the importance of the ACC in the fear-conditioning paradigm. In monkeys, single neuronal activities in the ACC were altered, when they performed discriminative pain-avoidance and reward tasks. Those results indicated that anterior cingulate neurons are involved in the anticipation of and selection of a response to imminent events (Koyama et al. 2001) . Previous studies also 15 reported cortical training-induced neural activity during discriminative avoidance learning in rabbits, in which ACC units showed significant changes in firing rates to a foot-shock predictive conditional stimulus (CS+) but not to a safety-predictive conditional stimulus (CS-) (Duvel et al. 2001; Kubota et al. 1996) . These results are also consistent with those from human imaging studies showing activation of the ACC after contextual and cued-fear 20 conditioning (Marschner et al. 2008 ).
The present study did not address the issue of whether the ACC plays a causal role in fear conditioning. Previous findings showed that in a 2-phase inhibitory avoidance task (Liang, 1999) , intra-ACC infusion of oxotremorine immediately after shock training, but not after context training, impaired retention, suggesting involvement of the ACC in processing 25 shock-induced fear associations (Malin and McGaugh 2006) . Interactions between the ACC and amygdala, a structure widely implicated in emotional learning, have also been reported (Bissiere et al. 2008; Malin et al. 2007 ). In congruence with the findings that ACC lesions disrupt fear conditioning, activation of the ACC is sufficient to serve as an aversive signal to induce fear conditioning (Gabriel et al. 1991; Kung et al. 2003; Tang et al. 2005 ) and 5 conditioned place avoidance (Johansen and Fields 2004; Johansen et al. 2001) . These data suggest that the ACC is involved in generating fear by an otherwise neutral stimulation associated with pain. This conjecture is consistent with primate data showing that ACC lesions impaired avoidance behavior elicited by noxious somatic stimuli in monkeys (Koyama et al. 2000) , and that a cingulotomy is effective in relieving intractable chronic pain 10 in human beings (Hassenbusch et al. 1990; Pillay and Hassenbusch 1992; Wong et al. 1997) as such surgery rendered the pain less bothersome but by no means eliminated the perception of it (Foltz and White 1962).
In our study, the activities of some SmI neurons also changed in response to a visual cue anticipating an electric shock after associative training, however, to a less-prominent extent 15 than that in the ACC. Many sensory cortices, including the primary visual, auditory, and somatosensory ones, change their activities in response to behavioral tasks involving perceptual memory (Buonomano and Merzenich, 1998) , an effect presumably reflecting an increase in discriminative sensitivity to a relevant stimulus critical for successful learning in various tasks (Weinberger 2004) . It was indicated that learning and experience can modulate 20 the sensory cortex. Cortical reorganization was observed in experiments of amputation (Merzenich et al. 1984 ), retinal lesions (Kaas et al. 1990 , and sensory discrimination training (Recanzone et al. 1992) in which cortical reorganization was induced and plasticity of the cortex was evident. Receptive field plasticity was also observed with classical conditioning (Bakin et al. 1996) and frequency discrimination training (Recanzone et al. 1993) . Those18 studies illustrate that the sensory cortex can be modulated by learning and experience and has a potential role in memory.
In summary, we observed differential involvements of the SmI and ACC in laser stimulation and conditioned fear potentiation of a startle task, respectively. The SmI showed better graded responses to stimuli with various intensities, thus possibly contributing more to 5 the sensory discrimination function. The activities of a higher percentage of the ACC neurons changed with the acquisition of the conditioned fear task, and the magnitude of the activity change was stronger. The ACC, therefore, contributes more to affective function. On the other hand, because ACC neuronal activity also responded to intensity changes, and many SmI neuronal activities also changed in the fear-potentiated startle task, the segregation of 10 functions cannot be absolute but instead, a matter of degree. L+C, light-and-conditioning-related units, ** p < 0.01, compared to the noise-alone condition.
## p < 0.01, compared to the same group in the pre-conditioning session. 20
